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A Molecular Dynamics Simulation of CaSiO; Melt Under an Electric Field *
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The results of a molecular dynamics (MD) simulation are presented for CaSiOs melt under an electric field. The
two-body interaction potential is adopted in the simulation, with parameters chosen so that the calculated static
structure is consistent with results of high temperature x-ray experiments. It is found that the MD results for the
heat capacity at constant volume, the self-diffusion coefficient and the electrical conductivity change greatly when
the electric field is over 500 MV /m. Discussion is given on these results, together with the frequency-dependent

electrical conductivity.
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Recently, much attention has been paid to silicate
melts not only from a metallurgical point of view,
but also from a petrosal perspective, with increasing
curiosity for the earth’s interior. The properties of
CaSiO3 melt have been studied along this line by x-
ray and neutron diffraction studies.!?> These methods
provide us with fundamental information on the struc-
tural features in the molten state. Molecular dynamics
(MD) simulation are also valuable tools for studying
the melt structure.®* It is particularly useful to di-
rectly interpret dynamic behavior®® on microscopic
level.

In this paper we present the simulated results for
CaSiO3 melt under an electric field by using the con-
stant volume molecular dynamics simulation, and dis-
cuss the structure and dynamic properties of the sys-
tem.

The molecular dynamics simulation has been per-
formed on a system of 1000 ions (600 O, 200 Ca and
200 Si). In the simulation the rigid-ion two-body po-
tential is employed for CaSiO3; melt. The interaction
potential ¢;;(r) between atoms ¢ and j is given by

¢ = TH 4 ayexp(-TL) - 2L (1)
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It consists of the long-range Coulomb part and the
short-range repulsion part, with ¢; being the charge
of the ion i, r;; the inter-ionic distance, p;; the effec-
tive hardness and C;; the dispersion parameter. The
potential parameters developed by Matsui’ are modi-
fied, the Ca ion size is increased to 0.1275 nm (Ref. 8)
and the parameter (p;;) is adjusted to agree with the
high temperature x-ray experiments of Waseda et al.l
The parameters are listed in Table 1. In addition to
the two-body potential, the electric field E (MV/m)
is considered in the simulation, which produces the
energy of the charges,

N
Uq,ext = - z gir; - E.

The initial ionic positions are chosen randomly
in a cubic box. The periodic truncated octahedral
(PTO) and the Ewald method were used for taking
the summation of the electrostatic interaction. The
time step is set as 0.001 ps, and the temperature was
controlled to be 5000K for initial 2000steps, then it
is reduced to the set temperature (1873K). It takes
about 20ps for the system to attain an equilibrium
state, whereby the energy fluctuation was less than
0.2%. The mean square displacement and the corre-
lation functions are calculated by taking the average
over more than 20000 steps in the conventional energy-
conserving run. All simulations were performed on the
DEC-500 workstation.

The static structure of disordered system is usu-
ally described by the partial radial distribution func-
tion (RDF). It represents the probability of finding
another atom from an origin as a function of the ra-
dial distance. Table 2 summarizes the static features
obtained from the RDF for melts at 1873 K without
electric field. These are compared with the results of
the x-ray diffraction. It is found that the results of
the MD simulation based on the modified potential
parameters are in agreement with that of the x-ray
diffraction,! while the coordination number of Si-Si is
less than that of the experiment.

Fluctuations in the potential energy under differ-
ent electric fields are directly related to the constant
volume heat capacity by

2y 2 3
Cv = <¢ )IchSqS) + ENOkBa (2)
where ¢ is the potential energy, kg and Ny are the
Boltzmann and the Avogadro constants, respectively.
The heat capacity at constant volume for CaSiO3 melt
is shown in Fig. 1. It is found that C, remain almost
a constant in the range of 0—500MV/m, and then
it increases rapidly. This implies that the significant
change takes place in the thermodynamic properties
of the system when electrical field is over 500 MV /m.
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Fig. 1. Heat capacity at constant vol-
ume (JK~!mol~?) as a function of
electric field.

Fig. 2. Self-diffusion coefficient (10~%cm?/s) as a function of electric field
(a) 0 to 1000MV/m; (b) 0 to 30MV/m.
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Fig. 3. Coordination number Ng;_o
and Nga—o as functions of electric
field.

Table 1. Modified potential parameters for the molecular dy-
namics simulation run.

Fig. 4. Electrical conductivity (2 1m™—1)
as a function of electric field.

g(e) A;j(eV) pij (A) Cjj(eVA)®
0-0 go = —1.298 1621.734 0.300 30.22
Si—-O gsi = 2.329 7363.700 0.190 0.00
Ca—O goa = 1.565 29353.157 0210  0.00
Ca-Si 39991599.000 0.092 0.00
Ca—Ca 200790000.000 0.104 0.00
Si—Si 5006070.785 0.080 0.00
2 From Ref. 6.

Table 2. Summary of static structure without electric field at
1873 K.

MD simulation X-ray diffraction®

pair r(nm) Nij r(nm) N;;
Si—0O 0.162 4.02 0.162 3.9
Ca—-0 0.234 6.234 0.235 5.9
0-0 0.262 5.207 0.267 5.2
Si—Si 0.314 2.559 0.321 3.1
Ca—Si 0.350 5.739

Ca—Ca 0.370 7.179
® From Ref. 1.

The diffusion process can be studied by evaluating
the mean square displacement of ion as a function of
time. The self-diffusion coefficient can be calculated
by the Einstein equation:

M(t) = {|r(t +s) — r(s)|), (3)
lim M(t) = 6Dz, (4)

where t is a time interval during diffusion, and the
angular bracket represents the ensemble average.
The calculated results for the self-diffusion is
shown as a function of the electric field in Fig.2. It
is compared with experimental data®1? in Table 3. It

Fig. 5. Fourier transform of the charge
current correlation function.

is found that while the covalent contribution of Si—Q
is not considered in this potential model, our results
agree with experiments in magnitude, except that the
value of D¢ is lager than the experimental data.

Table 3. Comparison of ionic transport coefficients by MD sim-
ulation and experimental data (molar fraction z = 0.516 in

(CaO)z (Si02)1_z melt)b

MD simulation Experiment
Dca(10~3cm?/s) 0.886 0.55
0.735(E = 30 MV /m)
Ds;(10~%cm? /s) 0.0191 0.011
Do (10~ 5cm?/s) 0.040 0.013
a(Q-1m™1) 46.0 (E = 0.0MV/m) 39.3
a(Q 'm~1) 41.3 (E = 0.05 MV /m)

b From Refs. 9 and 10.

Figure 2(b) shows that the self-diffusion coefficient
of ions increases with electric field ranging from 0 to
0.05MV/m, but it decrease with further increase of
the field. The effect of electric field on Ca ion is more
sensitive than that on Siand O ions. When the electric
field is over 500 MV /m, the self-diffusion coefficient in-
creases rapidly. To examine the spatial arrangement
of Si and O, the average coordination number Ng;i_o
and Ng,_o are displayed as a function of electric field
shown in Fig.3. As we can see, the value of Ng;_g is
about 4.0 in the whole range of the electric field. This
fact means that the connectivity of the SiO4 network
appears marginally affected by Ca ion. It is consistent
with the result that the RDF go_o(r) shows the first
peak at 0.262nm, corresponding to the edge length
of the SiO4 tetrahedron. On the other hand, Nc,_o
shows a decrease in the range of 100—200 MV /m. This
corresponds to the changes in the diffusion process of
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Ca ion under electric field, as seen in Fig. 2.
The electrical conductivity o is related to the nor-

malized auto-correlation function of the total current
Jz(t), defined as!!

ja(t) = Z qaVia, (5)

Cz2(t) = 3 (ia(Dial0)), ©)
I2(t) = G2, @

where v;, and g, are the velocity and mean ionic va-
lence of species a, respectively. The usual electrical
conductivity ¢ can be defined as!?

w2 o<}
o=lmow =2 [“n@w  ®
4mn,g2e?
W=D ®)

[e3

where m, and n, are the mass and number density
of a species, respectively. The electrical current cor-
relation function shows a collective property of the
system. To calculate a reliable value for the electri-
cal conductivity o, long runs are required because the
current correlation function is highly oscillatory. The
MD results for o at various electric fields is shown
in Fig.4. The electrical conductivity ¢ shows an ap-
proximately linear trend up to 500 MV /m, then o in-
creases rapidly beyond it. It implies that the force
(Fe1) on ions from the electric field substantially af-
fects the structural and transport properties, when the
electric field is larger than 500 MV/m. As seen from
Table 3, the simulated ionic conductivity is close to the
experimental value. The fact that fairly reasonable
agreement with experiments both D and o supports
our potential model to discuss transport properties in
CaSiO3; melt.

According to fluctuation theory, the infrared ab-
sorption a(w) can be obtained by Fourier transfor-
mation of the dipole correlation function My(t) =

Z g;r;. It is defined as!®

27908 [ a0, iwt)d
alw) = 3onVhaT /( a(0)My(t)) exp(—iwt)dt,
(10)
where ¢, n and V are the velocity of light, the refrac-
tive index and the system volume, respectively. This
equation can be rewritten by the correlation function
of current Czz(t) (Ref.14)

(Czz(0)%)

ow) = 3VkpT

4
/Jz(t) exp(iwt)dt = —Wa(w).
cn
(11)
The bulk conductivity of the melt corresponds to the
w — 0 limit of this function, while the infrared absorp-
tion spectrum is related to the frequency-dependent

quantity. The correlation function Jz(t) was calcu-
lated within a period time of 20ps, and the Black-
man windows were used before Fourier transforma-
tion. The frequency-dependent electrical conductivity
is shown in Fig. 5.

There are two bands in Fig.5. These
are about 15.873 THz(~529cm™!) and 24.645 THz
(~821.5cm™1). When the electric field increases, the
intensity of the first band tends to decrease, but the
second band becomes broader and has an increase in
intensity. Maeda et al. have measured the infrared
emission spectra of molten CaO—CaF3—SiO5 by com-
bining hot thermocouple technique and FT-IR,!® and
they have observed a band with main peak 830cm™!
when the molar fraction ratio (Xca0/Xcar,) is high.

In summary, we have performed the molecular dy-
namics simulation for CaSiO3z melt under an electric
field, by adopting the effective pair potential with
physically reasonable value for the interaction param-
eters. In fact, for CaSiO3 melt without the electric
field our results for the partial radial distribution func-
tion, self-diffusion coefficient and electrical conductiv-
ity are well compared with experimental results. It
is found by applying the electric field that its value
as large as 500MV/m produces great changes in the
transport properties ion for the system under consid-
eration. The frequency-dependent electrical conduc-
tivity is also calculated, and it is found as partially
consistent with experiments.
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